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Design of a spectroscopic low-energy electron microscope 
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The instrumental des.£n aspects of a spectroscopic low-energy electron microscope for the direct imagmg of chemical, 
topographic and structuTal features on surfaces are presented. This msirument extends the LEEM concept to include 
enerzv-resoKed imai^mg of secondarv. Auger and X-rav emissions with enhanced resolution and collection effic.encv. Kev n.v. 
elements include a inode maenelic cathode lens, a prism arrav separator magnet, a decelerating hemispherical energy anaUzer 
and a high-quantum-ef f.ctencv intensif.er. Mathematical techniques for the optimization of viewing conditions are rev.e-.ed. 
and the goals of pending performance tests are given. 



ing p-per [ 
specific de^ 

The on 
Telieps ha^ 
compaci. u 
11" insirun 
ation for . 
elude a m 
denser len 
selecied-ar 
a UHV ai 
parable tt 
and imagL 
mance, e 
manipulat 

The sf 
paper is a 



1. Introduction 

The low-energy electron microscope (LEEM) is 
not a common instrument, but its evolution spans 
the history of electron microscopy. From the view- 
point of electron-optical configuration, it contains 
two kev elements: the cathode immersion lens and 
the beam separator. The cathode lens was first 
applied in photoemission microscopy (PEEM) [1], 
The same lens can be used with a bidirectional 
beam for mirror microscopy, or as a cathode lens 
diffraciometer for low-energy electron diffraction 
(MEMLEED) [21]. With the addition of a mag- 
netic prism beam separator that allows separate 
manipulation of the illumination and imaging 
beam, the optical system becomes the surface- 
imaging equivalent of a transmission microscope 
objective lens, and most familiar TEM contrast 
modes may be exploited. In particular, low-energy 
backscaitered electrons have been used to study 
:hc dynamics of atomic step structure, phase tran- 
sitions, and epitaxial growth upon crystalline 
surfaces using phase and diffraction contrast [3-5]. 
In this paper, the term LEEM will be used to 
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cover all direct imaging and diffraction modes 
using a cathode-lens beam-separator system. 

The instrumwt described here is the next logi- 
cal step in the development - that is, to try to 
obtain images using characienstic secondary emis- 
sion electrons [5]. The addition of an imagmg 
energy analyser should not only allow chemical 
contrast, but should also dramatically improve the 
resolution of secondary and elastic backscatter 
images. The ultimate instrumental goal is favora- 
ble spatial and temporal resolution in chemical, 
topographic and structure-sensitive imaging 
modes, in the hope that this complementarv infor- 
mation will lead to a more complete understand- 
ing of surface processes. 

A direct-tmagmg instrument seems to offer 
fundamental advantages, especially for fast chem- 
ical mapping. Many individual image elements 
may be illuminated and recorded in parallel. If the 
imaging optics can collect a favorable fraction of 
the characteristic emissions, it is easier to combine 
high spatial resolution with short integration times. 
Performance predictions are not straightforward, 
and may be limited by unexpected effects, but it 
seems that the imaging system will offer new 
opportunities. A model computation, that includes 
optimization techniques for scanning and direct- 
imaging instruments, is offered in the accompan>- 
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ing paper [6]. The goal of this paper is to review a 
specific design in more detail. 

The original LEEM instrument of Bauer and 
Telieps has been redesigned and built in a more 
compact, user-fnendly configuration. This "LEEM 
11" instrument, shown m fig. L has been in oper- 
ation for about one year. Key improvements in- 
clude a more flexible LaB^, gun and triple con- 
denser lens system, a wider magnification range, 
selected-area and low-angle diffraction modes, and 
a UHV airlock system. It has proven to be com- 
parable to the original instrument in resolution 
and image quality, and belter m LEED perfor- 
mance, environmental insensilivity, specimen 
manipulation and environmental control. 

The spectroscopic LEEM descnbed in this 
paper is a rebuild of the LEEM II instrument [7]. 



Nevt changes include the addition of a magnetic 
tnode objective lens, an imaging energy analyzer, 
a revised specimen and gun-biasing system, and 
an improved image iniensifier 

There are two basic setups, for elastic and 
inelastic secondary imaging. The elastic mode uses 
nurrored or backscattered electrons thai are 
scattered coherently without energy loss. Incident 
and reflected energy is determined by the poten- 
tial difference between the electron source and 
sample. Since the sample is in an elecinc field, 
mirror mode is particularly sensitive to both sub- 
micron-scale topography and surface potential. 
Elastic backscattenng at low voltages has a high 
yield and low penetration, and is particularly sen- 
sitive to atomic-scale lattice and step structure. 
Using parallel, coherent illumination, crystalline 




Fig I. Photograph of ihc LEEM II msirumeni from which the SPEC LEEM will be constructed. 
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samples show a well defined LEED diffraction 
pattern at the objeciive lens back focal plane. The 
collimating action of the accelerating field, whose 
strength depends upon the square root of the 
initial energy, exactly cancels the energy depen- 
dence of the diffraction angle; thus the size of the 
diffraction pattern is independent of initial start- 
ing voltage. Using an objective aperture to mask 
all but the zero-order reflexes, diffraction contrast 
depends upon diffracted intensity. By appropnate 
choice of start voltage, regions of differing surface 
structure become visible. 

At low voltage, the electron wavelength is com- 
parable to monatomic step heights. This gives rise 
to mierference and near-field Fresnel diffraction, 
or phase contrast. With slight defocus, atomic 
steps can be imaged, and their motion and in- 
fluence upon phase transitions, domain bounda- 
ries, and epitaxial growth may be studied [4]. The 
instrument also allows photo- and thermionic- 
emission imaging. 

Imaging with higher-energy secondary emis- 
sions has not yet been convincingly demonstrated, 
because of fundamentally different instrumental 
requirements. This mode uses secondary electrons 
or chemical-specific Auger or X-ray-generated 
emissions that are excited by substantially higher- 
energy illumination [5]. An energy analyzer is 
needed to select spectral lines, and to suppress the 
chromatic aberrations that would otherwise de- 
grade resolution from a wide emission spectrum. 
Scattenng is incoherent, so diffraction and phase 
contrast plays no role. The angular distribution of 
emission is diffuse instead of concentrated into 
bnght diffraction spots, hence much larger aper- 
ture angles must be used to gather a useful image. 
Because incoherent scattenng does not require 
parallel, coherent illumination, the incident beam 
can be highly convergent, and correspondingly 
more intense. This is fortunate because quantum 
yields are orders of magnitude lower for Auger 
lines [5]. 

With energy filtering, low-voltage secondary 
emission from several kV illumination should also 
be interesting. The basic contrast mechanism is 
similar to SEM, depending upon both yield and 
local surface inclination. However, since the sam- 
ple is in a field, the image is also influenced by 



local lateral gradients near the surface. In general, 
the spectroscopic mode offers a new set of com- 
plementary information from the same basic in- 
strument. 

2. Instrument configuration 

Fig. 2 is a schematic representation of the SPEC 
LEEM instrument. The unique elements are shown 
in more detail, and the path of the field limiting 
rays is indicated. Conjugate diffraction and image 
planes are indicated by dots and wavey lines, 
respectively. The basic elements are the gun/con- 
denser system, the beam separator, the objective 
lens, the energy analyzing and magnification 
optics, and the image intensifier/ image processor. 
The beam moves along an inverted Y path, travel- 
ling in both directions between the separator and 
objective. The basic beam energy is 20 keV. but 
since the sample floats at high voltage, the beam is 
decelerated and reaccelerated within the objective. 
The 60° deflection configuration is based on 
tradition. ^' 

A schematic of the high-voltage biasing system 
is shown. The gun, specimen, objective electrode 
and energy analyzer supplies are all referenced to 
a Ko= -20 kV supply that determines the energy 
of the imaging beam. In elastic modes, gun bias 
is zero, so that the beam arrives at and leaves the 
sample at specimen start energy V. A field strength 
(Kp - V)/Zq is applied to the sample at working 
distance Zq = 1 mm from the focus electrode, so it 
passes into the magnetic portion of the lens with 
energy and is further accelerated to energy 
before leaving the objective lens. 

For secondary imaging modes, the gun voltage 
is increased to J^g = 0 to - 3 kV, so that the 
illuminating beam traverses the optics with an 
energy Vq + and is decelerated to a voltage 
Kg -f K before stnking the sample. With a sample 
bias voltage K= -10 to 4- 1000 V, zz illitnv:'-'^- 
tion energy of - 10 to +4000 eV is available for 
mirror mode to Auger excitation. As before, a 
beam leaving the sample at V is accelerated to 
upon leaving the objective. The imaging optics 
and analyzer are always adjusted to accept a 20 
keV beam, regardless of illuminating cr st?rtino 
voltage, avoiding the need to readjust the mag- 
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neral, ' netic lens, separator and energy analyzer when 
com- ' scanning through the emission spectrum. This bi- 
ic m- asmg scheme is considered essential for conveni- 

ent operation of the system. 

The design of the gun/condenser optics is dic- 
tated by the need for a very wide range of current 
density/ coherence at the sample. It has been 
SPEC j shown that the LaB^ flat cathode provides ade- 
hown quate coherence for critical low-angle diffraction, 

niting \ and can deliver much higher currents than other 
■ mage alternatives into the large, convergent-beam probe 

lines, used for spectroscopy. The elastic imaging modes 

/con- I use a demagnified image of the gun crossover, 
ective focused at the objective lens back focal plane. This 

:aiion i gives parallel, high-coherence illumination for dif- 
essor. fraction and phase contrast. The secondary imag- 

ravel- ing modes use the illumination optics in a probe- 

r and ' forming mode, focusing an aberrated image of the 
*, but I gun crossover on the specimen with low demag- 
•am is nificatiou. Under correct conditions, this illurmna- 

■ctive. I tion disk can be fairly uniform and very intense, 
d on 



Due to specimen heating and Coulomb interaction 
effects, the illumination disk should not be much 
larger than the field of view. A three-condenser- 
lens system is used to obtain this wide range of 
illumination conditions. The first two condensers 
control the crossover demagnification and beam 
current, while the third condenser and separator 
jointly focus the crossover near the objective. An 
illumination aperture is placed midway along the 
beams path within the separator. This aperture 
defines the illuminated area of the sample, m the 
case of secondary imaging by setting the diameter 
of a caustic disk aberration figure. 

The objective lens focuses the image, with 23 x 
magnification, at the exact center of the separator. 
For several reasons to be explained later, this 
condition is vital for both imaging and diffraction. 
A selected-area aperture for hmiting field size is 
also located here. It also serves to artificially de- 
fine the center of the separator lens action, mini- 
mizing off-axis aberrations. After passing through 
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Fig 2. Schematic of the SPEC LEEM 




80 



LH. Venek/asen / Design of a spectroscopic LEEM 



the separator, the diffraction plane is refocused by 
the transfer lens onto the contrast aperture. The 
transfer lens is the first of four lenses between the 
separator and energy analyzer, and is there to 
shorten the system and to precisely refocus the 
objective back focal plane upon the aperture. This 
aperture works like a virtual aperture at the objec- 
tive back focal plane, hmiting the angular diver- 
gence a at the sample surface. This aperture de- 
termines the resolution and collection efficiency of 
the objective lens. It is removed for viewing the 
diffraction pattern. The contrast aperture is 
located at this 0.47 x magnified conjugate plane 
instead of at the traditional position within the 
objective lens. If placed within the objective lens. 
It would also limit the illumination angle in sec- 
ondary mode, resuitmg in much lower current 
density. When apertured as shown, it is also possi- 
ble to independently align the illumination and 
imaging patns in the objeciive lens, resulting in 
lower off-axis aberrations and simplifying dark- 
field imaging. 

The contrast aperture is exactly at the nodal 
point of the field lens. This lens forms a real 
image at the entrance plane of the intermediate 
lens, which in turn magnifies the image before 
energy analysis. The field lens focuses the image 
without innuencing contrast aperture conditions. 
Since the image plane m the separator is fixed, the 
field lens is used to refocus after changing mag- 
nification. In diffraction mode, the intermediate 
lens focuses on the diffraction plane, essentially 
reversing the roles of diffraction and image planes 
m the magnifying optics. By studying the diagram, 
one can see that the combined action of the sep- 
arator, objective, transfer and field lens is the 
surface-imaging equivalent of a TEM objective, 
and that the rest of the optics is almost identical 
to an energy-loss TEM. 

The balance of the intermediate lens system is 
designed to meet the optical requirements of the 
energy analyzer. A 90° decelerating hemisphencal 
analyzer was chosen to be a good compromise 
between simplicity and resolution/ field-of-view 
requirements. Its optimization will be discussed 
separately. 

1 he energy wmdow is defined by analyzer slits 
located at a demagnified diffraction plane. An 



image appears downstream of this slit. This image 
is further magnified by the projector lens, appear- 
ing finally upon a scintillator screen. This image is 
transferred light-optically to the intensifies TV 
camera and real-time image processor, where it is 
prepared for viewing on a TV monitor. For re- 
cording of more intense images, a 35 mm camera 
may also directly photograph the screen. 

This optics is the synthesis of elastic, inelastic 
and diffraction imaging requirements. It allows a 
wide magnification range, and a vanety of diffrac- 
tion modes. Similar to energy-loss TEM config- 
urations, a multi-lens zoom system is needed to 
prepare the beam for energy analysis. The surface 
imaging objective optics is inherently more com- 
plicated than a TEM objective. In total, the optics 
is much more complicated than any single mode 
would require. Nevertheless, a seven-lens config- 
uration has been routinely operated in LEEM II. 
The key to its successful operation lies in accurate 
mechanical alignment, minimum lateral magnetic 
remanences, prC-programed setups, and well de- 
veloped mutually non-interacting alignment pro- 
cedures. 



3. The objective lens 

The objective lens determines performance in 
imaging modes. In a spectroscopic LEEM, both 
resolution and collection efficiency are important. 
The composite electrostatic, electromagnetic tri- 
ode cathode lens shown in fig. 2 should consider- 
ably improve performance in both modes. The 
properties of this lens have been compared with 
other alternatives, and published in ref. [8]. The 
magnetic circuit of the lens uses a double-gap 
configuration [9] that allows the focus electrode to 
noat at potential + = 0 to 7 kV with respect to 
the sample, but leaves the specimen in an uhnu^i 
magnetic-field-free environment. The floating 
pole-piece has several advantages. Since the lens 
aberrations depend pnmanly upon electnc field 
strength at the sample, the floating pole-piece 
allows this field to be maximized according to the 
arc-over tolerances of different samples, which a;c 
conservatively estimated to be 30-70 kV/cm. This 
field can be established using smaller voltages and 
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ige I gaps while always allowing 20 kV operation of the 
ar- I remaining optics. The alternative of vanable work- 
-* IS ing distance is less attractive, because it changes 
rv the focal length, which in turn influences all other 
: IS ! instrument calibrations. Changes in starting volt- 
re- age V can also be compensated by Vy to maintain 
-Ta focus, avoiding a change in magnetic excitation. 

I Magnetic changes arc accompanied by lateral field 
variations in the lens bore, which can cause align- 
ment problems in a two-way beam system, 

ic- j Fig- 3 shows the approximate paths of imaging 

ig- ' a-rays and field-limiting y-rays for elastic and 

10 j secondary imaging modes. Note the different il- 

ce ; lumination conditions. Imaging electrons, leaving 

Ti- \ the surface at angle a and at voltage l\ follow 

cs j parabolic paths in the acceleratmg field. They 

j e nter th e magnetic lens at an effective angle aQ = a 

g- . \^/ '^o from a virtual focus just below the sample. 

I- j With a net focal length /q in high-voltage space, a 

I IS defined by a virtual aperture diameter cIq - 

'c la^V/V^ at the back focal plane. Field rays 

I leaving the edge of a field diameter cross the 

>- back focal plane and emerge at a field angle 



Resolution and aperture angle are determined 
by the expression: 

where 6 is the resolution, C, and Q are sphencal 
and chromatic aberration coefficients, A\ = 
\yfy = 12 X 10"* cm is a diffraction constant, 
and IV' is the analyzer energy window. In a well 
designed cathode lens, aberrations occur predomi- 
nantly in the very small acceleratmg region near 
the sample, so the coefficients are also very small, 
and the collection angle a can be remarkably 
large. Bauer has shown that the aberration coeffi- 
cients of a uniform field F (kV/cm) at the sample 
are Q = Q = V/F [10]. These coefficients ade- 
quately descnbe the tnode lens properties for this 
system for the range of 0 to 500 eV [8]. 

For high-yield secondary or backscalter imag- 
ing, signal statistics are favorable, and high-resolu- 
tion imaging should be possible. The energy filler 
may be used to suppress chromatic aberration by 
choosing the jaarrowest available window W^,^, 
Ref. [6] denves expressions for resolution, aper- 
ture diameter and collection factor Q = 
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Fig. 3. Operating modes of the objective lens. 
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TTa- for optimized high-resolution perfor- 

mance as follows: 

^ 44 /um, 
= 4.6 nm. 

= 0.004 sr eV. 

The numbers given are for typical elastic back- 
scatter mode operation of this system, where F=7 
kV/mm, /o = 10 mm, eV, V^^IO keV, 

and ^Knin = ^-^ importance of high field 

strength for both resolution and collection ef- 
ficiency is clear from these equations. The collec- 
ti :n factor is not large when compared to an 
SEM, where nearly all secondanes in an - 5 eV 
energy window are collected, but it can be shown 
that when comparable illumination current den- 
sity is used, the LEEM image statistics would be 
superior for images containing more than about 
S'tt/Q AK= 62 X 62 pixels. 

For spectroscopic imaging, optimum objective 
conditions are quite different because of low 
scattering yields and high background noise. Reso- 
lution will probably be limited by signal statistics 
and integration limes, so the emphasis is upon 
maximizing the collection factor Q IV for realistic 
resolution goals. Expressions for optimum aper- 
ture, energy window and collection factor as a 
function of resolution are given below [6]. 

= \ .51f^F'^H'^'*'b'''^/V^'^ =r 142 Mm, 

AK.p, = 1.08/^^ V/^5^/^ = 1.77 eV, (3) 

n W^LUf"' ^5*^^'F'^^^ 0.057 sr eV. 

The numbers given are for Auger mapping at 30 
nm resolution, where F =1 kV/mm, /g = 10 mm, 
100 eV, and V^ = 20 keV. High field strength 
is even more important in Auger applications, and 
start-energy dependences are rather weak. The 
collection factor is much more favorable than at 
high resolution, and may be compared with about 
0.2iT sr eV for a CMA analyzer with 10% trans- 
mission viewing a 2 eV wide, cosine-distributed 
Auger line. Using comparable current density, the 
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Fig. 4, Parameters for optimum collection efficiency and field 
of view as function of resolution chosen to give a vsible image. 



SPEC LEEM should be superior for images con- 
taining more than 3x3 pixels. In the SPEC 
LEEM, the key to good inelastic imaging will be 
the correct choice of illumination, aperture and 
energy window conditions based on pre-calculated 
realistic resolution goals. Fig. 4 shows optimum 
conditions over the full range of anticipated reso- 
lutions for r = 100 eV, V^ = 20 keV, f^ = 10 mm, 
F^l kV/mm. 



4. The separator 

The magnetic separator is a passive optical 
element whose function is to transfer images and 
diffraction patterns with a minimum of astigma- 
tism, distortion and aberration. Prisms act as 
long-focal-iengih lenses, whose properties are typi- 
cally asymmetric in the horizontal and vertical 
focusing planes. They are also subject to large 
second-order aberrations of dipole fields. In a 
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spectroscopic LEEM, the separator must accom- 
modate the adjustable energy difference of 
several keV between the illuminating and imaging 
beam, without shifting any of the three optical 
axes. 

These requirements forced the development of 
a 60° deflectmg "close-packed pnsm array'' whose 
concept is new to electron microscopy [11], The 
concept is extended to 90° deflection and its ray 
opncs are treated in detail in a publication sub- 
mitted to OPTIK [12]. In brief, the prism array, 
whose active pole-pieces are shown in fig. 2, con- 
sists of an outer-shell shield and flux shunt, sur- 
rounding a triangular ring pole-piece, which in 
turn surrounds three differentially excited inner 
pole pieces. It is mechanically symmetnc about 
the three beam axes, and is both mechanically and 
magnetically symmetric about the bisectors of 
these axes. This insures that centers of deflection 
coincide with the mechanical center of the array. 
The inner pnsm segments act independently upon 
the illuminating and imaging beams, so that dif- 
ferential excitations compensate for energy dif- 
ferences with minimum mutual interaction. 

The first-order focusing properties in the hori- 
zontal and vertical planes depend upon both the 
geometrv' and the relative excitations of the inner 
and outer pole-pieces, which determine deflection 
angles 20, + ^2 = 60° in the different prism ele- 
ments. Vertical focusing occurs only at the inner 
edge transitions, and is convergent when the outer 
excitation is larger than the inner. Honzonial 
focusing is convergent within the sectors but is 
divergent at the inner edge transitions [13], so it is 
possible to equalize the net focusing action in both 
planes. There exists an optimum combination of 
inner and outer excitations, where the system be- 
haves almost like a thin, axially symmetric lens for 
all image and object positions. Specifically, both 
the diffraction and image planes may be trans- 
ferred without first-order astigmatism or distor- 
tion. The important parameters for this system are 
0, = 21.8°, R, = 70 mm, and = 16.4°, 
145 mm. Under these conditions, focal lengths 
/h=/v-^^0 mm. These properties have been 
verified in LEEM II and later modeled by M. 
Mankos in unpublished work. The key to the 
correct function of this element is high permeabil- 



ity, low-remanence magnetic materials, and the 
use of absolutely non-magnetic vacuum system 
materials. 

There are several charactenstics of the sep- 
arator/objective lens system that are important 
but not immediately obvious. Image resolution is 
determined mostly by the objective lens, but also 
by aberrations along the image side path through 
the separator. For elastic imaging and diffraction, 
parallel illumination is important, and is insured 
by minimum astigmatism and aberration along the 
illumination path. For diffraction, the sample acts 
like a multifaceted mirror, so that astigmatism and 
aberration along the illumination path are re- 
flected into each diffraction spot, and combine 
with image path astigmatism and aberration to 
determine the combined transfer charactenstics 
for diffraction. 

The specimen image is focused by the objective 
lens onto a plane midway through the image side 
of the separator. This plane is a principal plane 
for the lens action of the separator, so its influence 
upon image focusing is minimum. This plane is 
also an achromatic plane, so that if focused here, 
the image is free of dispersion (transverse l Aro- 
matic aberration). 

The same objective focus applies for good dif- 
fraction performance, because it minimizes the 
diameter of the beam within the separator. A 
favorable diffraction transfer width (small spots) 
requires high coherence (small crossover at the 
exit of the condensor lenses), and also requires 
that this crossover image be transferred through 
both illumination and image side paths with 
minimum dispersion, astigmatism and aberration, 
Castaing has pointed out that this transfer is 
achromatic because the objective acts as an invert- 
ing mirror [14], The path of the central ray emerg- 
ing from the entire separator/ objective system is 
not influenced by small source enerev spread or 
by high voltage or separator field instabilities. 
This characteristic is exploited not only to im- 
prove diffraction performance, but also to find the 
beam despite its complicated path. We use this 
achromatic property to focus the objective while 
wobbling the inner magnetic pnsm exciiation^. 

Symmetnes are also exploited to minimize 
low-order dipole aberrations in the separator [15]. 
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When the objective is properly focused, imaging 
rays from a pomt at the center of the specimen 
pass aniisymmetncally through the image side 
separator, cancellmg second-order axial dipole 
image aberrations. Similarly, field rays originating 
from the condenser crossover pass antisymmetri- 
cally through the illumination and image sides of 
the separator; those following an inner path on 
one side are reflected by the specimen/ objective 
in such a way that they follow outer paths on the 
other side. Thus the entire transfer of diffraction 
spots is free of second-order axial aberrations even 
though the spots are aberrated at the objective 
back focal planes. Off-axis field aberrations are 
reduced but not ehminated by objective focus. All 
these imaging characteristics derive automatically 
from the inherently astigmatism-free pole-piece 
arrangement and from attention to objective focus. 
They are harder to reahze using external quadru- 
pole correctors that tend to behave as "thick'* 
lenses with residual distortion and alignment 
problems. We believe that the pnsm array sep- 
arator improves performance and simplifies the 
optics by minimizing the problems associated with 
the use of large-angle bending magnets in an 
otherwise axially symmetric beam path. 

The dispersion of the separator is about 5 ^m/ 
eV, reflected onto the objective back focal plane. 
Comparing this to the 40-200 iim apertures used 
here, it is clear that the separator is not useful for 
high-resolution energy analysis. However, with the 



aperture placed after the separator, the dispersion 
is used advantageously to pre-fiiier the image. 
Provided the Auger peaks in the spectrum are far 
enough away from much stronger secondary and 
backscatter peaks, most of the background emis- 
sion may be removed at the contrast aperture. 
This should make conditions in the analyzer more 
favorable. For similar reasons, one may expect 
unfiltered elastic backscatter images to be free of 
the defocused secondary image that otherwise re- 
duces contrast and emphasizes uninteresting 
topography. 



5, The spectroscopic imaging system 

The imaging system magnifies and energy- 
analyzes the image. Its design is dictated by the 
necessary magnification range, diffraction require- 
ments, and in particular by the properties of the 
analyzer itself. We first consider a "black box" 
model of the imaging system as a whole, from 
which the irhporiant relationships are denved. 

A gencrahzed imaging system is shown in fig. 5. 
The objective lens input is sh own o n the left. The 
aperture diameter dQ^2afQ^^V/VQ and the field 
angle = b^/lfQ are fixed for an optimized setup 
5(aop,, Al^,p, ), and for a field of view of n pixels, 
where = n8. The task of the black box is to 
magnify the image to diameter b^, to demagnify 
the aperture to diameter at a location a dis- 
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tance /, in front of the image, and at this point to 
energy-analyze the image with a window AK The 
image magnification is M^^b^/b^, and the dif- 
fraction plane magnification is = d^/d^. By 
conservation of phase space. i^o>o = '^o^o/^/o = 
d^y^ = d^b^/lf^, so that the magnifications are 
related by the formula: 



(4) 



The analyzer section of the black box has an 
energy dispersion and aberrations whose coeffi- 
cients may be expressed in output space no matter 
where it is within the system. The effect of disper- 
sion is to displace aperture image d^ by a distance 
K^R IV/ V^. The effect of a dominant second- 
order aberration in the analyzer is to increase 
diameter d^ by an amount K^Ry^, where and 
are dispersion and aberration coefficients, and 

is a characteristic length or radius of curvature 
in the analyzer. 

To energy-analyze the image, a slit is placed at 
plane d^, so that only electrons in energy band IV 
pass on to the final image. This slit cannot be 
smaller than aperture image d^, for otherwise it 
would artificially limit the aperture angle a. The 
image d^ must also be accurately focused at the 
slit, so that field 6q is not artificially limited. The 
condition for energy analysis is d^ = A/Jq ^ 
K^R IV/Vfj. The aperture image must be demag- 
nified until this condition is met. When the aber- 
ration associated with a finite field size is in- 
cluded, the condition for energy analysis of entire 
field becomes 

K^^R' AKVK; > ^'^ydii + KiR'-y^ 

>M;dl^KlR'bl/\6f^M% (5) 
where yo = ^o/2/o has been substituted for = 

Thus there is an optimum choice of that will 
allow a maximum field of view at the required 
energy window. Solving eq. (5) for b^ and maxi- 
mizing with respect to A/^, 
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Fig. 6. Energy-analyzer optics. 

The general equations (4) and (6) specify the prop- 
erties of the intermediate lens system, that must be 
placed before an analyzer to insure matching for 
maximum field of view and energy window. 

Section 3 gives the values of d^^ and IV in the 
objective lens in terms of resolution. These may be 
inserted into eq. (6) to obtain M and pixel count 
^ ^ Vmax/'^ that can be obtained with a given 
analyzer: 



M < 



n < 



0.55KoR 

*'o /o 

0.81 A^^-/? 
A'' V 



-1 3r'l, 6C1 3 



(7) 



Since pixel count and objective optimization can- 
not be compromised, the last equation places 
non-negotiable requirements upon the properties 
of the analyzer. 

For the SPEC LEEM, we have chosen a hemi- 
spherical plate analyzer that acts upon a decel- 
erated beam. Fig. 6 shows the approximate ray 
paths through the analyzer, as though the curved 
axis were a straight line. The hemispherical plates 
arc within an enclosure with round entrance and 
exit holes. The assembly floats at 1^^, = + 2738 V 
with respect to the 20 keV reference supply, so the 
beam passes through with energy V^ and radius of 
curvature = 50 mm. In low-voltage space, the 
dispersion is 35 /xm/eV and the aberration coeffi- 
cient is 7.36/?. 

The decelerating and accelerating lenses at the 
ends of the analyzer transfer the image plane in PI 
to the achromatic plane at the center of the 
analyzer, and then to the plane outside the 
analyzer. The diffraction plane is transferred to 
energy slit plane outside the analyzer at ground 
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potential. Angle is reduced within the henn- 
spheres. Meslik and Chmelik [16] have computed 
the properties of ihe entire analyzer system, using 
both analytical and ray-tracing techniques. Its 
properties may be expressed in high-voltage Vq 
space for the transfer of diffraction and image 
planes as follows: 



Ko^l.(^l (6.8^m/eV), 
- 0.224, 
= 27 mm. 



(8) 



The dispersion of the system is not particularly 
large in high-voltage space, but as a consequence 
of deceleration, the important ratio /C^ V^s " 
eq. (7) is much more favorable than can be ob- 
tained using simple magnetic sectors. 

Using this data, the optimum intermediate 
magnifications or A/„, the field limitations and 
pixel counts for the imaging system are: 

= 0.023-0.10, 

= 3.9-69 Mm, (9) 

/7<0.0019[r'/V^ V^*"^'] 
= 1114-686 pixels. 

The two numerical estimates are for F - 1 
kV/mm, and resolution 8 = 4.6 nm at 15 eV, and 
5 = 100 nm at 100 eV respectively. 

The intermediate demagnification and 
image spacing /j associated with the analyzer 
dictate the detailed design of the intermediate lens 
optics. Separator properties and certain diffrac- 
tion requirements also play a role. Fig. 7 shows 
lens configurations and typical ray traces for typi- 
cal high-magnification and diffraction modes in 
the intermediate lens system. The functions of 
most of the lenses have been descnbed in section 
2. Projector lens 1. just before the analyzer, is 
placed at image plane ^4 so that it can be used to 
focus the analyzer without influencing image focus 
and magnification. Diffraction mode has the net 
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Fig. 7. The inicrmcdiaic opucs in ima^ng and diffraction 
modes. 



effect of reversing planes b and d in fig. 6, so that 
diffraction pattems may also be energy-filtered. 

Lens spacmgs and nunimum focal lengths arc 
chosen to provide a range = 0.015-0.1, or an 
image magnification of = 140-21 x . Inter- 
mediate lens excitation is chosen according to 
resolution, and then PI and field lens . are set to 
focus the analyzer and image respectively. Using 
this procedure, one may be reasonably certain that 
correct values of are used in practice. Chmelik 
has computed nominal setup conditions in terms 
of lens currents versus M , for all modes, using 
vector potential programs, giving a starting point 
for tuning the instrument [17]. 

The design range for field of view '^i e to»?l 
magnification) is 0.5-50 ^m. Using the full range 
of intermediate lens magnification, the image at 
the end of the analyzer is 10 to 1000 ^m diameter 
A double-gap projector lens with a useful magnifi- 
cation range of 10-120 x is used to project the 
final image on the 10 mm diameter screen. The 
depth of field of the magnified image is sufficient 
to make it seem to behave like a zoom lens. 
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6. The image detector 

In the elastic imaging LEEM II instrument, 
images are sometimes intense enough to be ob- 
sened on a phosphor screen. Spectroscopic images 
will be many orders of magnitude weaker, and will 
have very low contrast. Under this range of condi- 
tions, an image iniensifier with a wide sensitivity 
range and favorable quanium-noise-limited statis- 
tics IS needed. In addition, selective contrast en- 
hancement will be needed before an image may be 
viewed or recorded. 

We propose to extract weak Auger images from 
the background using a technique familiar to scan- 
ning Auger microscopy. The analyzer deflectors 
can be toggled between two pass energies synchro- 
nous with subharmonics of the TV frame rate, so 
that images at the two energies can first be in- 
tegrated, stored, and then subtracted using an 
on-line image processor. Exposed in this way, the 
image is the difference between images taken at, 
and adjacent to, the Auger peak, which enhances 
contrast but does not eliminate background noise. 
The toggling frequency is low enough to integrate 
many frames, but high enough to allow real-time 
focusing and specimen movement. The subtracted 
image is digitally recorded, and the viewing moni- 
tor display is updated at the end of each toggle 
cycle. When image statistics require longer in- 
tegration limes, the pre-averaged data can be again 
routed through the image processor for further 
averaging and subsequent display, or can be post- 
processed off-line. 

The image intensifier design faces two major 
problems: high quantum efficiency and wide oper- 
ating range. Maximum current densities in the 
final image occur in mirror and LEED modes, 
where several tens of /lA beam current can fall 
upon the scintillator screen. Lowest current densi- 
ties are encountered in Auger imaging, where a 
signal-to-noise ratio of 1 in a 50 x 50 pixel image 
integrated for 100 s implies a beam current of 
10"'^ A. The detector must be both robust and 
sensitive. 

The detection quantum efficiency is the square 
of the actual to quantum-limited signal-to-noise 
ratio m each pixel. It may also be thought of as 
the attenuation of the useful signal due to imper- 



fect detection, so the integration time necessary to 
record a quantum-noise-limited image increases 
with i/DQE . The essential condition for the 
DQE to approach unity is that each of the first 
few stages of the mullipication chain have a suffi- 
ciently high quantum gain, in other words that the 
flux increase after each multiplication. It is also 
important that the net multiplication be larger 
than one under intense diffraction and backscatter 
and weak spectroscopic imaging conditions. A 
treatment of the statistics of image intensifiers 
may be found in ref. [18]. 

The DQE of a channel plate placed directly in 
the 20 keV beam is poor because the secondary 
coefficient of the input surface is low for high-en- 
ergy electrons. In addition, experience has shown 
that detector flux densities that can permanently 
damage the detector are difficult to avoid. It would 
be desirable to provide variable attenuation before 
the intensifier. 

A light-optical-coupled intensifier seems to offer 
a better (but iThmed) solution to both problems. A 
YAG scintillator crystal combines high resolution, 
insensitivity to damage, and adequate photon 
yield. Using a conventional F L2 macro-lens with 
20 mm focal length and 4 x magnification, about 
10% of the light yield of a 10 mm screen may be 
collected and projected upon a 40 mm photo- 
cathode/ microchannel plate system. The lens may 
be automatically apcrlured to attenuate bright 
images and protect the intensifier. This aperture 
increases the operating range by about 1000 x 
without requinng that the MCP be operated under 
unfavorably low gain conditions. The channel plate 
output is on a second phosphor or YAG screen 
viewed by a conventional low-light camera. The 
dynamic range may be covered by aperturing both 
lenses and controlling the channel plate gain. With 
a scintillator yield of 150 x , a 10% lens transmis- 
sion, a 20% photocathode yield, and a 5 inter 
stage multiplication in the MCP, the predicted 
DQE IS 0.5-0.7, While not perfect, it seems that 
this detector would be acceptable. 

7. Specimen systems 

The SPEC LEEM is intended for the dynamic 
observation of surface phenomena. Ultrahigh 
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vacuum and associated sputtering, heating, 
evaporation and gas-handling systems are needed. 
The specimen chamber and optics are fully melal- 
sealed construction. Nominal pressure is 6 X 10^ 
Torr, reached after a 10 h bakeoul at 170^C. 
Specimens are introduced through a two-stage 
airlock. The first stage is turbo-pumped to about 
10""^ Torr, after which the specimen is transferred 
to an lon-pumped preparation chamber. Here the 
specimen and cartndge are outgassed by an aux- 
iliarv' bombardment heater, and the surface is 
sputtered if required. It is then transferred to the 
observation position. A transfer from atmospheric 
pressure to 2x10"^^ Torr takes about 1.5 h. 
After sufficient m-siiu outgassing, suitable sam- 
ples may be observed at 1000°C at 3x10"^ 
Torr. 

The sample is mounted on a cartndge that also 
carries the specimen bombardment heater and 
thermocouple-monitored ballast ring contacting 
the back side of the sample. This ring allows 
sample exchange without reconstruction of the 
thermocouple junction. The bombardment heater 
irradiates both the nng and the back of the sam- 
ple. With proper choice of ring geometry, the 
heater flux and thermal losses in the ring and 
sample may be balanced so that their thermal 
behavior is correlated in spite of imperfect con- 
tact. With 75 W bombardment power, the sample 
may be Hashed to 1600°C. The thermal time con- 
stant and stability are about 4 s and ±0.25°C, 
allowing quantitative observation of phase transi- 
tions under controlled cooling rates. 

The specimen is visible through eight 14"* coni- 
cal holes W incidence. These holes are used 
for evaporation, gas exposure, ion bombardment, 
pyrometer observation, and for the Hg UV tamp 
for PEEM. These sources are baffled and aper- 
lured to avoid contanunating optical elements. 



8. Experimental techniques 

The design of a new instrument requires a 
clear, although preliminary, picture of how it is to 
be used. This assures that necessary elements are 
not forgotten, and leaves the experimentalist with 
some idea of the designers intent. This shortens. 



but does not avoid, the period of tnal and error 
before the instrument becomes productive. In this 
spint, a typical experimental sequence is offered 
as a review of the important points in the previous 
sections. 

Spectroscopic imaging of unfamiliar samples 
will be difficult because of low contrasts and 
yields, which in turn imply long integration times. 
Not only optimum instrumental conditions but 
also considerable foreknowledge of the sample 
may be necessary before an image becomes visi- 
ble^ In particular, where chemical contrast comes 
from small localized regions, it becomes necessary 
to tune the instrument for high resolution without 
having a visible chemical contrast image. The in- 
strument is designed to support procedures for 
quick adjustment and sample charactenzation/ 
survey leading up to spectroscopic imaging. 

Except for flatness and conductivity, mirror 
imaging makes no demands upon the sample's 
topography, structure and composition. It is well 
suited for preliminary adjustment of alignment 
and illuminaiioti-conditions. Using a slightly con- 
vergent illumination beam, a dark spot within the 
illuminated field represents the transition between 
mirror and absorption conditions. A round, 
centered spot that breathes with condensor. objec- 
tive, and imaging lens focus indicates correct 
stigmation and alignment of the illumination 
beam. A large uniform field for mirror imaging 
indicates the parallel illumination conditions nec- 
essary for elastic LEEM/LEED imaging. Correct 
objective and field lens focus can be established 
by wobbling various pnsm excitations. 

Larger topographic detail is visible in mirror 
mode. On monocrystalline samples, LEED and 
elastic backscatter LEEM/LEED modes are use- 
ful for determining the cleanliness and step struc- 
ture before beginning to study epitaxial growth or 
localized chemistry. PEEM is useful for limited 
topographic and chemical characterization, espe- 
cially on polycrystalline or amorphous samples 
that preclude elastic contrast. These modes are 
also useful for monitoring in-situ thermal, 
evaporation and sputtering treatments with 
favorable image statistics. 

The transition from elastic to secondarv/ Auger 
contrast modes is Ukely to be difficult because of 



low yield 
the chan^ 
necessary 
high-resol 
specimen 
for insiru 
areas on t 
the separ; 
minimum 
while rea*. 
Auger im 
and the in 
be adjuste 
The gun e 
tion/ aper 
field of V 
allowed b 
action efft 

During 
ondary eK 
their high 
energy spi 
topograph 
energy-an: 
ment, stigi 
intense, hi 
sis, these 
resolution. 

It is pa 
scopic ima 
resolution 
optimum t. 
intermedia 
window all 
a realistic 
specimen l 
The yield 
to-noise r: 
contrast bt 
noise thres 
make the / 

The inst 
Auger line 
an unresoK 
specimen v 
the image, 
soectral lin 
using the n 



LH Veneklasen / Design of a spectroscopic LEEM 



89 



error 
. this 
fered 

.lOUS 

nples 
and 
mes. 
but 

mple 
visi- 
omes 
ssary 
:hout 
e in- 
> for 
ion/ 

\irror 
ipie's 

well 
menl 

con- 
n the 
ween 
'und, 
>bjec- 
>rrect 
alien 
aging 

nec- 
irreci 
ished 

urror 
' and 
: use- 
>truc- 

th or 
Tiiied 
espe- 
Tiples 
s are 
rmal. 

with 

\uger 
ise of 



low yield and elemental contrast, and because of 
the changes in illumination energy and intensity 
necessary to obtam favorable image statistics. A 
high-resolution, low-noise way of viewing the 
specimen dunng the transition is highly desirable 
for msirumental setup and for finding interesting 
areas on the sample. The high-voltage biasing and 
the separator prism systems are designed to allow 
minimum readjustment of the imaging beam path 
vvhile readjusting the illumination for secondary/ 
Auger imaging. The illumination energy bias 
and the inner prism of the illumination beam may 
be adjusted to keep the illumination field centered. 
The gun emmission and condenser lens magnifica- 
tion/aperture may be adjusted to exactly fill the 
field of view with the most intense illumination 
allowed by specimen damage and Coulomb inter- 
action effects. 

During the setup procedure, low-voltage sec- 
ondary electron images will be useful because of 
their high quantum yield and reasonably narrow 
energy spread. If specimen areas with favorable 
topography can be found, optimum apertures and 
energy-analyzer slits can be introduced, and align- 
ment, stigmation and focus can be adjusted using 
auense. high contrast images. With energy analy- 
sis, these secondary images should have quite good 
resolution. 

It is particularly important that final spectro- 
scopic imaging conditions be set up with a specific 
resolution and field of view in mind, because 
optimum collection efficiency, illumination setup, 
intermediate lens magnification and energy 
wmdow all depend upon the resolution. To choose 
a realistic resolution goal, a foreknowledge of 
lipecimen quantum yield and contrast is desirable. 
The yield and pixel size 6 determine the signal- 
to-noise ratio with each pixel, and the spatial 
contrast between pixels determines the signal-to- 
noise threshold and integration time necessary to 
make the Auger image contrast visible. 

The instrument allows the quantum yield and 
Auger Ime spectral contrast to be determined from 
an unresolved image. This is done by varying the 
specimen voltage K while summing all pixels in 
the image. With foreknowledge of yields, and 
spectral line energies the system may be retuned 
using the much brighter secondary images. 



For favorable samples, dynamic imagmg of 
Auger electrons may be possible, but for high-res- 
olution imaging of weak samples, the final transi- 
tion to Auger imaging may have to be done blind 
- thai is, without focusing or moving the sample. 
Sample voltage and focus voltage Vp can be set to 
pre-calibrated values, and the real time integration 
and background subtraction program in the image 
processor can be activated. After the necessary 
integration interval, the Auger image becomes 
visible. The mirror LEEM/LEED, PEEM and 
secondary images obtained dunng setup serve as 
complementary data sets showing different char- 
acienstics of the sample. When dynamic processes 
such as thermal cycling, evaporation or sputtering 
are reversible, then complementary data sets using 
different imaging modes may be exposed under 
reproducible conditions. 

This imaginary' sequence summarizes our hope 
that the instrument will contribute interesting new 
results. 
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